Grain size is a key yield component of cereal crops and a major quality attribute. It is 28 determined by a genotype's genetic potential and its capacity to fill the grains. 29 30  This study aims to dissect the genetic architecture of grain size in sorghum via an 31 integrated genome wide association study (GWAS) using a diversity panel of 837 32 individuals and a BC-NAM population of 1,421 individuals. 33 34
Introduction 50
Cereal crops, including maize, rice, wheat, barley, and sorghum, supply more than 75% of the 51 calories consumed by humans (Sands et al., 2009) . They are critical to address global food 52 security, which is under threat of population expansion and climate change. Among cereals, a fixed effect for the targeted trait at each trial, random effects for genotype within trial, and 171 spatial error for each individual trial (Smith et al., 2001) . The G×E interaction was analysed 172 by fitting a third-order factor analytic structure to the trial × genotype interaction, in this case 173 the structure also modelled the 3-way interaction between site, trait, and genotype. The 174 analysis resulted in genetic variances for each trial and loading values representing factor 175 analytic loadings. 176 Generalised repeatability estimates were calculated for grain size parameters using the 177 method proposed by Cullis et al. (2006) . High correlations were observed among grain size 178 parameters, and hence a principal components analysis was conducted to further investigate 179 the interrelationships among TKW and grain length, width, and thickness ( Figure S3 and S4). 180 Because it is possible that a constructed trait such as a principal component may explain the 181 data more effectively, the main principal components were used as additional traits in the 182 association analysis.
183
Genotyping and imputation 184 The 2 populations were genotyped using medium to high density genome-wide SNPs 185 provided by Diversity Arrays Technology Pty Ltd (www.diversityarrays.com). DNA was 186 extracted from bulked young leaves of five plants from a plot of each genotype in the 2 187 populations using a previously described CTAB method (Doyle, 1987) . The DNA samples 188 were then genotyped following an integrated DArT and genotyping-by-sequencing (GBS) 189 methodology, which involves complexity reduction of the genomic DNA to remove repetitive 190 sequences using methylation sensitive restriction enzymes prior to sequencing on Next 191 Generation sequencing platforms. The sequence data generated were then aligned to version Individual SNP markers with >50% missing data were removed from further analysis and the 198 remaining missing values were phased and imputed using Beagle v4.1 (Browning & 199 Browning, 2016). An average imputation accuracy of 96% was achieved across both 200 populations.
201
Population statistics, GWAS analysis and QTL identification 202 Pairwise linkage disequilibrium (LD) (r 2 ) was calculated using PopLDdecay (Zhang et al., 203 2018) for the diversity ( Figure S4A ) and the BC-NAM ( Figure S1C ). The population 204 structure in the diversity panel was analysed used LEA in R (François, 2016). The structure 205 analysis identified five groups that corresponded to 4 racial groups (kafir, caudatum, guinea, 206 durras of Asian origin, durras of East African origin) ( Figure S4B ) based on previous racial 207 information and geographical origin for a subset of lines. Each individual line with ≥95 % of 208 genetic identity from one of the five identified groups was designated as a representative of 209 the corresponding racial group ( Figure S4C , Table S4 ). The remaining lines were considered 210 as admixtures of multiple groups.
211
For the GWAS analysis, imputed SNP data sets for both populations were filtered for minor 212 allele frequency (MAF) >0.005. The final number of SNPs used for GWAS was 56,412 for 213 the diversity panel ( Figure S5 ) and 26,926 for the BC-NAM population ( Figure S6 ). For the 214 diversity panel, a principal component analysis (PCA) was conducted using a pruned SNP 215 data set to control for population structure. Marker pruning was conducted using PLINK 216 (Purcell et al., 2007) with a sliding window of 100 SNPs , a step size of 50 SNPs and r 2 of 217 0.5. For the BC-NAM population, pedigree was used to control population structure. GWAS 218 was performed using FarmCPU for both populations for the five measured 219 grain size parameters and derived PCs. Thresholds for defining significant and suggestive 220 associations were set using the Bonferroni correction based on the number of independent 221 tests, calculated using the GEC software package . Marker-trait associations 222 were then identified using a two-step process. Firstly, SNPs were identified that were 223 significantly associated with grain size parameters and derived PCs in both populations 224 separately (p<1.45E-06 for the diversity panel; p<5.83E-06 for the BC-NAM). Secondly, 225 SNPs were identified that were only suggestively associated with grain size parameters and 226 derived PCs in one population (P< 2.91E-05 for the diversity panel, 1.17E-04 for the BC-227 NAM), but that had either suggestive or significant support in the second population and 228 were also within a specified distance of the original SNP (<1cM in the diversity panel and 229 <2cM in the BC-NAM population, calculated from the sorghum genetic linkage consensus 230 map; Mace et al., 2009 ). Identified marker-trait associations were further clustered into QTL 231 regions based on the predicted genetic positions of SNPs from the sorghum consensus map 232 across traits within each population . Finally QTL in common between 233 the two populations were combined based on a 2cM window. The effects of identified QTL 234 on all grain size parameters in each population were assessed using a linear model, with 235 population structure accounted for by PCs for the diversity panel and by pedigrees in the BC-236 NAM population.
237
A candidate region based approach was used to further investigate associations between 238 population specific QTL and grain size parameters in the alternative population. SNPs within 239 a 0.5 cM window of a population specific QTL were extracted from the alternative 240 population. To examine associations between SNPs in the candidate regions and the grain 241 size parameters, GLM in TASSEL 5.0 was run, using either PCA in the diversity panel or 242 pedigree in the BC-NAM population as a covariate to control for population structure 243 (Bradbury et al., 2007) . The Bonferroni correction (0.05/number of markers) was used to 244 control for false positives.
245
Using the BC-NAM population, allele effects of the exotic parent were estimated compared 246 to the recurrent parent. At each QTL, the numbers of exotic alleles with larger and smaller 247 values than the recurrent parent were determined, and a test conducted to assess if the 248 numbers of positive and negative alleles relative to the recurrent parent varied. Families with 249 <20 individuals were excluded from this analysis.
250

Collection of previously reported grain weight QTL
251
Eighty-five grain weight QTL were collated from previously published studies (Table S5 ).
252
The locations of these QTL were projected onto both the sorghum reference genome v3.1.1 253 and the sorghum consensus map following methods described by Mace et al. (2009 Mace et al. ( , 2019 .
254
To be conservative, QTL with confidence interval > 20 cM were excluded during this step. 256 Candidate genes for grain size in sorghum were identified using the methods described by 257 Tao et al. (2017) . Firstly, genes functionally determined to control grain size in rice, maize, 258 and sorghum were collated through a literature search (Table S6 ). Subsequently, 259 corresponding sorghum orthologous of grain size genes in rice and maize were identified 260 using a combination of syntenic and bidirectional best hit (BBH) approaches. Syntenic gene 261 sets among rice, maize and sorghum were downloaded from PGDD 262 (http://chibba.agtec.uga.edu/duplication/) to identify sytenic orthologues of known grain size 263 genes from rice and maize. Local blast was performed to identify best BLAST hits of pairs of 264 genes from two genomes, using BLASTP.
255
Candidate gene analysis
Results
266
Minimizing environmental impact on grain size through the removal of half of the 267 panicle during flowering time 268 In the DPGAT16 trial, a significant increase in average grain size of 8.54% was observed in 269 half heads compared to full heads ( Figure 1B ). The magnitude of this increase varied 270 significantly among genotypes, indicating the presence of genotypic variation in the degree of 271 source limitation for grain filling in the full head ( Figure 1C and 1D). Nonetheless, TKW of 272 half-head and full-head treatments were highly correlated (r 2~0 .70) ( Figure S7 ). Since the 273 greater average TKW of the half head treatment compared with the full head treatment Hence, the combined cross-trial BLUPs were used for subsequent analyses of these 287 parameters. The high cross-trial correlations of the individual grain size parameters were 288 consistent with their medium to high heritability (Table 1 and 2).
289
All five grain size parameters displayed near normal distributions in both populations ( Figure   290 2), which in combination with the medium to high heritability and low G×E observed, To investigate possible correlations between racial groups and grain size parameters in 301 sorghum, structure analysis of the diversity panel was conducted, which revealed 5 groups 302 that corresponded to different racial groups of sorghum ( Figure S4B , Table S4 ). All grain size 303 parameters showed significant differences among these racial groups (ANOVA, p-value 304 <0.05), with representatives of the caudatum and guinea racial groups having the largest and 305 heaviest grains and east-African durras the smallest and lightest (Table S7 ). Figure S4A ). Thus, a 1cM window was 311 used to cluster these 71 SNPs into 54 QTL. The majority (>80%) of these 54 QTL were 312 significantly associated with multiple grain size parameters (Table S9) Table S10 ). Because the extent of LD was greater 317 in the BC-NAM than in the diversity panel ( Figure S1C ), a 2 cM window was used to cluster 318 these associated SNPs into 66 QTL regions. Similar to observations for the diversity panel, 319 the vast majority (~85%) of the QTL were significantly associated with multiple grain size 320 parameters and phenotypic variation explained by individual QTL was generally small, with 321 the majority of QTL explaining < 5% of the phenotypic variation of a given grain size 322 parameter (Table S11 ). Within the BC-NAM, it was possible to observe the distribution of 323 allelic effects of the exotic parents compared to the recurrent parent ( Figure 5 ). In general, 324 alleles were observed that were both larger and smaller than the elite parent, which was 325 supportive of the presence of multiple alleles at the majority of QTL. (Table 3) . Further examination 330 revealed that the majority of the population specific QTL (22 out of 26 QTL unique to the 331 diversity panel and 34 out of 38 QTL specific to BC-NAM population) were significantly 332 associated with grain size parameters in the alternative population using the candidate region 333 based association analysis (Table S12 ).
306
Identification of genetic loci associated with variation of grain size
334
The genetic basis of grain size has been the focus of 18 previous studies in sorghum, which 335 used 21 bi-parental populations and reported 85 grain weight QTL (Table S5 ). Nearly three 336 quarters (62) of these previously reported QTL co-located with QTL identified in this study.
337
A significant overlap between the QTL identified in this study and grain size SNPs identified 338 in rice (Huang et al., 2012) was observed, with 60% of the rice grain size SNPs identified 339 within a 1cM window of the sorghum QTL identified in this study (p-value<0.05, χ 2 test), 340 and with 85% of the rice grain size SNPs identified within 5 cM (Table S13) . A similar trend 341 was found when comparing with kernel size SNPs identified in maize (Liu et al., 2019) , with 342 30% and 70% of maize kernel size SNPs identified within 1 cM and 5 cM window of 343 sorghum QTL identified in this study (Table S13 ).
344
Candidate genes for grain size QTL 345 To identify putative causative genes underlying the grain size QTL, 109 genes affecting grain 346 size that were reported in rice and maize were collated and 111 orthologues in sorghum were 347 identified (Table S6 ; Table S14 ). The candidate genes were enriched in the grain size QTL; 348 16 of the 111 candidate genes were found within a 0.1 cM window of a grain size QTL (p-349 value<0.05, χ 2 test), and 36 identified within a 1 cM window (p-value<0.05, χ 2 test) ( Table   350 S15). Some of the negative correlations between grain number and grain size are likely due to 351 variation in the genotypes' capacity to fill the grain as observed in this study. Given the 352 treatment imposed in the current study to minimise variation due to grain filling capacity, we 353 would expect that the previously reported candidate genes that have been shown to exert 354 opposite effects on grain size and grain number would be less represented within our set of 355 QTL. To explore this hypothesis, the candidate genes were divided into 3 groups based on 356 whether they had been reported to exert opposite effects on grain number and grain size in the 357 species in which they were cloned (ie whether the gene was associated with bigger grains and 358 lower grain number). This approach identified 21 genes that showed opposite effects on grain 359 size and grain number, 37 genes that did not show opposite effects, and 53 genes where this 360 information was not reported (Table S15 ). It was found that the candidate genes that were 361 reported to have an opposite effect on grain number and grain size were underrepresented in 362 the overlap with the QTL from this study (Table S15 ). 363 One of the candidate genes, SbGS3, the orthologue of the rice grain size gene, GS3 (Mao et 364 al., 2010), co-located with qGS1.9, a QTL identified in both the diversity and BC-NAM 365 populations, for grain length, weight, volume, width, and thickness. In the diversity panel, 366 one SNP was identified that caused a C to A change in the fifth exon of SbGS3, turning a 367 cysteine codon (TGC) to a premature stop codon (TGA), resulting in the 198 amino acid 368 protein being truncated at the 140 th amino acid. However, the most significant SNP identified 369 for qGS1.9 was 11.48kb (0.01cM) away from SbGS3, rather than the large-effect SNP Future yield gains may require that this association is better understood to determine if the 414 negative association can be broken at some or all QTL. 416 Sorghum grains vary in terms of length, thickness, width, volume and weight. Substantial The high number (92) of QTL identified in this study and their relatively small individual 454 effects highlight the genetic complexity of grain size. Over half of the QTL identified in this 455 study (49) were co-located with QTL identified in previous sorghum studies (Table 3) with < 456 30% of the previous QTL not detected in this study (Table S5 ). Care must be taken with were not included in either population, plus none of the other studies attempted to minimise 463 variation in the capacity to fill grain. Hence, it is likely that some of the QTL previously 464 detected may not be segregating in our study.
415
Shared genetic control of grain size dimensions
465
Our study was internally consistent, with 83% of the QTL detected being associated with 466 multiple traits, in line with the correlations observed between the phenotypes. In addition, 467 91% of the QTL were supported by evidence from the two independent populations either via 468 co-located QTL or with support from the candidate region analysis, resulting in only 8 469 population-specific QTL being identified. Given that the two populations were independent 470 and differed in both genetic composition, power and LD, the high correspondence between 471 the two studies suggests that we identified the majority of the loci for grain size in cultivated 472 sorghum. breeding with its focus on increasing grain yield has not selected for grain size. The lack of 485 strong selection for grain size by modern breeders is interesting and suggests a potential 486 physiological restriction to increasing grain yield by selection for larger grain. This is 487 consistent with the observation that much of the progress in enhancing grain yield in modern 488 breeding of cereals has been achieved by selection for increased grain number rather than 489 grain size. Clearly, further research is required before breeders attempt to increase grain yield 490 by introducing alleles for larger grain size. However, given the range of allele effects, it is 491 likely some opportunities exist to simultaneously improve grain yield and grain size, eg 492 through manipulation of the duration of grain filling .
493
Correspondence of loci controlling grain size among cereals 494
Sorghum shares close ancestry with maize and rice, with orthologous genes from these 495 species commonly sharing the same function (Bolot et al., 2009; Paterson et al., 1995) . A 496 significant association was found between the locations of the QTL in this study and GWAS 497 signals for grain size in rice (Huang et al., 2012) and maize (Liu et al., 2019) , and 498 orthologous of cloned grain size genes from rice and maize. Both findings strongly support a 499 common genetic architecture underlying this trait across these cereals. This provides 500 opportunities for breeders to exploit information from other cereals, as genes identified from 501 large scale GWAS in one species can be targeted for allele mining or diversity creation via 502 gene editing in another species.
503
As an example, the gene SbGS3, the orthologue of the cloned gene Grain Size 3 in rice, was 504 found to control variation of grain size in sorghum. In addition to the presence of a large-505 effect SNP in the gene causing a premature stop codon, our GWAS identified a SNP that was 506 11.48 kb away from this gene as significantly associated with variation of grain size. SbGS3 507 showed a similar expression pattern as GS3 in rice with high expression in early 
721
Chr indicates the chromosome on which the QTL is located. P-start provides the physical coordinate, 722 based on v3.1.1 of the sorghum genome assembly, of the start of the QTL CI. P-end provides the Correspondence between numbers on x-axis and QTL identity is provided in Table S16 . 
